Regenerated skeletal muscles show less muscle damage after strenuous muscle exercise. The aim 26 of the studies was to investigate if the regeneration is associated with reduced muscle creatine 27 kinase (CK) efflux immediately after the exercise. Cryolesion was applied to the soleus muscle 28 (SOL) of 3 month old C57BL/6J male mice. Then total CK efflux was assessed in vitro in the 29 regenerated (REG) muscles without exercise or after 100 eccentric contractions. The same 30 measurements were performed in the control (CON) muscles which were not exposed to 31 cryolesion. REG muscles generated weaker (P < 0.05) twitches, but stronger (P < 0.05) 150-Hz 32 and 300-Hz tetani with prolonged (P < 0.01) contraction times compared to the control muscles. 33
(see "Muscle contractile properties and CK efflux"), we assessed CK efflux from SOL muscle at 93 rest without any prior exercise (n = 6) and after 100 eccentric contractions (n = 8) in 12 week old 94 male mice. These muscles are referred to as control (CON) muscles. We have also performed the 95 same measurements at rest (n = 9) and after exercise (n = 9) in SOL after regeneration and refer 96 to these muscles as regenerated (REG) . In a separate series of experiments, we have also 97 assessed effects of two-hour in vitro incubation on peak isometric force of CON muscles (n = 4) 98 using the same procedures described for the assessment of muscle CK efflux. 99
Muscle regeneration; Muscle regeneration was induced by cryolesion as described elsewhere 100 (Irintchev et al. 2002) . Briefly, at age of 2 months male mice (n = 18) were anesthetized by 101 intraperitoneal injection of the anesthetics: ketamine (120 mg/kg; Richter Pharma AG, Wels, 102 Austria) and xylazine (14 mg/kg; Eurovet Animal Health B.V., Bladel, Netherlands). The hair 103 from the leg was removed using electric shaver. SOL was exposed by making the incision 104 through the overlaying skin and connective tissue, and retracting the adjacent gastrocnemius 105 muscle. Muscle cryolesion was induced by touching the middle portion of SOL with flat end of a 106 copper rod (3x0.7 mm) precooled in liquid nitrogen and maintaining its position for 5 s. After 2 107 min when the muscles had thawed, the skin incision was closed with polyamide threads (4-0 108
Ethilon; Ethicon, Norderstedt, Germany) and mice were placed on 37⁰C temperature plate for 109 several hours to avoid hypothermia. After 29 days (at age of ~3 months) we assessed contractile 110
properties and CK efflux.D r a f t solution (121 mM NaCl, 5 mM KCl, 0.5 mM MgCl 2 , 1.8 mM CaCl 2 , 0.4 mM NaH 2 PO 4 , 0.1 mM 116 EDTA, 24 mM NaHCO 3 , 5.5 mM glucose, pH adjusted to 7.4) bubbled with 95 % O2 and 5 % 117 CO2. The distal tendon of the muscle was attached to a hook and the proximal end was tied 118 directly to the lever of muscle test system (1200A-LR Muscle Test System, Aurora Scientific 119
Inc., Aurora, Canada). The muscle was then left to equilibrate in the solution for 7 min. 120
Afterwards muscle length was increased in steps every 2 min and the muscle was stimulated at 121 150 Hz for 3 s. This procedure was continued until no further increase in muscle force was seen 122 with the increase in muscle length. Thereafter the muscle was photographed with the length scale 123 in the background to assess muscle length with a precision of 0.5 mm. The subsequent force 124 measurements were performed at this optimal muscle length. Firstly, single twitch was evoked. 125 D r a f t D r a f t 8 muscles tended to maintain isometric force better than CON muscles though the difference was 158 not significant. There were no differences between CON and REG muscles in eccentric force. 159
160
A separate set of experiments on control SOL showed that peak isometric force decreased (P < 161 0.05) by 6.9 ± 2.8 % when muscles were incubated for 2 hours in Tyrode solution as during the 162 assessment of muscle CK efflux. Data on the total muscle CK efflux without any prior exercise 163 and after 100 repeated contractions are shown in Fig. 3 . The CK efflux did not differ between 164 REG and CON muscles when muscles were not subjected to prior exercise. However, the total 165 muscle CK efflux was significantly (P < 0.001) larger in the exercised CON compared to 166 exercised REG muscles and the non-exercised muscles. The exercised REG muscles did not 167 differ from the non-exercised muscles. The total muscle CK efflux did not correlate with force 168 loss by the end of exercise in CON muscles, but the there was a positive correlation between 169 these parameters in REG muscles. 170
171

Discussion 172
The main aim of the study was to test the hypothesis that muscle regeneration is associated with 173 a reduction in exercise-induced increase in the total muscle CK efflux. Our results show that the 174 regenerated muscles produced weaker single twitches, but stronger tetani with longer contraction 175 times compared to the control muscles. The regenerated muscles did not differ from the control 176 muscles in the total CK efflux without exposure to exercise. However, in contrast to the control 177 muscles, these muscles did not show any increase in the total CK efflux after the repeated 178 eccentric contractions. These results suggest that muscle regeneration is associated with phenomenon (Irintchev et al. 2002; Pereira et al. 2014 ). There were no differences in either body 185 mass or muscle mass between the mice exposed to muscle cryolesion and the control mice in our 186 study. Peak tetanic force, specific force and optimal length were also similar in the regenerated 187 and control muscles. Thus mice and treated muscles recovered fully within 29 days after the 188 cryolesion. However, the regenerated muscles showed slow rate of force generation in tetani. 189
Indeed, muscle regeneration is associated with a shift towards slower muscle fiber types and 190 myosin isoforms (Whalen et al. 1990; Irintchev et al. 2002) . These changes might contribute to 191 the lower rate of tetanic force generation and a tendency towards better force maintenance in 192 We used a precooled copper rod to induce muscle cryolesion. This procedure followed by 205 subsequent muscle regeneration might have resulted in altered permeability of sarcolemma. 206 However, our results are inconsistent with such scenario. The total CK efflux at rest, when 207 muscles were not subjected to exercise, did not differ between the regenerated and control 208 muscles. The magnitude of this CK efflux was also similar to the previously reported for rat 209 soleus muscle in vitro (Jackson et al. 1987 ). Thus it is unlikely that there were significant 210 differences in muscle membrane permeability to CK molecules between the control and 211 regenerated muscles. 212
We assessed the total CK efflux during the two-hour muscle incubation in Tyrode solution. 213
Consistent with previous studies (Plant et al. 2001) , peak force generating capacity showed only 214 a small decline during the two-hour muscle incubation which suggests that there was no major 215 disruption of muscle contractile apparatus. We did observe a tendency for an increase in muscle 216 mass after this procedure (unpublished observation). This might be a reflection of an increase in 217 muscle water content (Sjøgaard et al, 1985) , and it is likely that muscle CK efflux is partially 218 associated with the osmotic stress generated by muscle incubation in Tyrode buffer. However, 219 skeletal muscles are well adapted to withstand such stresses as there is an increase in the 220 muscle's extracellular and intracellular water content after exercise of submaximal and maximal 221 intensity, respectively (Sjøgaard et al, 1985) . Our results suggest, however, that muscle 222 regeneration is not associated with increased muscle resistance to CK efflux at rest under the 223 influence of mild osmotic stress. 224 D r a f t 11 There were significant differences between the control and regenerated muscles after the 226 exercise. The regenerated muscles showed no increase in CK efflux whereas the control muscles 227 showed a substantial, 2.8-fold, increase. These differences between the regenerated and control 228 muscles could not be explained by the variation in the mechanical stresses experienced by 229 muscles since the regenerated muscles produced more force than control muscles during the 230 exercise. Thus, regenerated muscles showed a true increase in resistance to exercise-induced 231 muscle CK efflux. Interestingly, CK efflux from the regenerated muscles correlated with force 232 loss during the exercise, but there was no such correlation for the control muscles (see Fig. 3) . 233
This suggests that there was a qualitative difference between the muscles. It is likely that a 234 disruption of muscle structure is needed to cause a significant increase in CK efflux from the 235 regenerated muscles while the control muscles show an increase in the muscle CK efflux after 236 exercise even without damage to the contractile machinery. Indeed, skeletal muscles often show 237 a significant CK loss even when there are no clear signs of the ultrastructural damage (Yu et al. 238 2013) . 239 240 It is often argued that exercise training can lead to an increase muscle collagen content which 241 might affect mechanical properties and thus improves muscle resistance to exercise-induced 242 muscle damage (McHugh 2003; Mackey et al. 2004 ). Indeed, eccentric exercise training can lead 243 to an increase in dynamic and passive stiffness of skeletal muscles (Reich et al. 2000) . However, 244
we did not observe any difference between the regenerate and control muscles in forces 245 generated during the eccentric phase of the contractions when the controlled stretching of the 246 muscles was imposed. These findings speak against muscle stiffness being of importance for 247 exercise-induced muscle CK efflux in the regenerated muscles. A shift in muscle fiber 248 D r a f t composition towards slower contraction muscle fibers and myosin isoforms could be of greater 249 importance. Slow twitch muscle fibers show less damage than fast twitch fibers after exercise 250 (Chapman et al. 2013) . 251 252 Our findings agree with previous studies on rat muscles showing less structural damage in 253 regenerated muscles 3 days after plyometric exercise (Devor and Faulkner, 1999) . Our results 254 suggest that reduced primary muscle damage is likely to be a major factor in regeneration-255 induced resistance to muscle damage. It appears that stimulation of muscle regeneration might be 256 a useful strategy in increasing resistance to exercise-induced muscle damage. Leucine 257 supplementation increased the gain in myofiber size during regeneration though its effects on 258 muscle resistance to exercise-induced damage are less clear (Pereira et al. 2014) . 259 260 In summary, our results show that muscle regeneration is associated with modulation of 261 contractile properties and increased resistance to the primary muscle damage during exercise, but 262 it is not protecting against muscle CK efflux at rest when mild osmotic stresses are applied. 
